P -~

£

VO e ";C'}@

o S
o =3
- \ =g
S =5
= ) 2?'—%‘ 2
& —E
= REEE
S NATIONAL ADVISORY COMMITTEE =38
< =g
& FOR AERONAUTICS .
TECHNICAL NOTE 3702
MEASUREMENTS OF ATMOSPHERIC TURBULENCE OVER A WIDE RANGE
OF WAVELENGTH FOR ONE METEQROLOGICAL CONDITION
By Harold L. Crane and Robert G, Chilton
Langley Aeronautical Laboratory
Langley Field, Va.
Washington
June 1956
PR, T

AR Y YT T
ST 1

RIS\ SIVI S

)

g ol bud e ¥ —
RIET VY BN
1 k” - u'-.‘ -t

-3 -

-anx f‘(""’:“

1o 4 ﬁ—;;k‘_/‘t"*

v
w3



TECH LIBRARY KAFB, NM

AT

NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS 00bL376

TECHNICAL NOTE 3702

MEASUREMENTS OF ATMOSPHERIC TURBULENCE OVER A WIDE RANGE
OF WAVELENGTH FOR ONE METEOROLOGICAL CONDITION

By Harold L. Crane and Robert G. Chilton
SUMMARY

A method for obtaining a power spectrum of gust vertlcal velocity
over a wide range of wavelength from simultaneous measurements made in
flight has been devised and applied. This method has the advantege of
not involving the use of airplane transfer functions. A gust vertical-
velocity spectrum was determined for one meteorological condition for
wavelengths from 10 feet to 60,000 feet. The test was conducted at low
altitude in clear-air turbulence having a root-mean-square intensity of
5 feet per second. At the higher frequencies (shorter wavelengths), the
povwer spectral density varied at a rate which was between the -5/3 power
which has been predicted theoretically and the inverse square of the
frequency. The spectrum which was obtained tended to flatten out for
the longest test wavelengths. The bresk frequency which provides an
indication of the scale of the turbulence occurred at a wavelength of
approximately 6,000 feet. The results obtained indicate that the method
of obtaining spectra used in this investigation is practicable.

INTRODUCTION

The application of the techniques of generalized harmonic anslysis
to the study of the effects of atmospheric turbulence on airplane design
has created a need for detailed information on the power spectra of gusty
alr. The range of wavelength or frequency which 1s of interest in air-
plane design problems can be divided into three bands corresponding to
the long-period (1less than 0.1 cycle per second for s typical case) s the
short-period (0.1 to 1.0 cycle per second) , and the very high frequency
(1.0 to 30 cycles per second) airplane longitudinal response modes.
Previous measurements of power spectra, such as those of references 1
to 3, have been restricted to one of the three bands, primarily because
the measuring techniques which have been used were readily applicable
to only one frequency band. Even though there have been enough meas-
urements made over different ranges to cover the entire range of wave-
lengths of interest in airplane design problems, it is difficult to
generalize over this wide range on the basis of the narrow-band measure-
ments made under different conditions of turbulence scale and intensity.
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The purpose of the present investigation has been to mske a flight
measurement of the vertical velocity component of atmospheric turbulence
which covered all three frequency bands. The principal result was a
power spectrum of the gust vertical veloclty which covers a very wide
range of wavelength for a single atmospheric condition. An additional
result has been to demonstrate the femslbllity of the technique for gath-
ering a large amount of date for different turbulence conditions. This
technique does not require the use of alrplane transfer functions bubt
involves Instead the calculation of the incremental gust vertical veloc-
ity from the varistions in alrplane angle of attack, vertical velocity,
and piltch attitude. A different method of calculating the gust vertical
veloclty was employed In each of the three frequency bands. The varied
calculating techniques were used in the interest of expediency, since,
in the low frequency and very high frequency bands, simplifying assump-
tions which greatly reduced the task of date reduction could be made.

SYMBOLS
o angle of attack, radisns
%o angle between longitudinal body exis and flight path, radians
Y4 flight-path angle, radians
) pitch-attitude angle, radians
1 distance from angle-of-attack vane to airplane center of
gravity, £t
v airplene forward velocity, ft/sec
W vertical velocity, £t/sec
Subscripts:
a airplane
g gust
v vane

A dot over a symbol indicates the derivative with respect to time.



NACA TN 3702

INSTRUMENTATION AND DATA REDUCTION

Measuring Technique

In order to faclilitate the use of existing NACA recording instru-
ments and to simplify the data-reduction procedure, the frequency range
of interest was divided into three bands. The three frequency hands
were defined as 0.0l to 0.1l cycle per second for the long-period band,
0.1 to 1.0 cycle per second for the short-period band, and 1.0 to
30 cycles per second for the very high frequency band.

The geometrical relationships for the airplane and flow-direction
or angle-of-attack vane are shown in the following sketch:

All angles are assumed to be small variations from the steady-state con-~

dition, and small angle values are assumed for the trigonometric func-
tions.

Based on the relations illustrated in the preceding sketch, the

equation which relates gust vertical velocity to the airplane angle of
ettack, attitude, and vertical velocity is

vg = V(e ~ 8) = wy (1)

This equetion is derived from the knowledge that the angle of attack due
to gust velocity is

d:g=CL-mo
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where the angle between the longitudinal body axis and the flight-path
angle is

oo =08 - ¥

and
Vg,
7=-F

Equation (1) is modified for application in each of the three frequency
bands as follows:

For the long-period band where Aa = O,

big = N 19 - Noig (2)
For the short-period band where o = ay + %,
Nig = V(Day - M) = Big + 16 (3)

For the very high frequency band where a = aq,

It should be noted that in the long-period band the angle of attack was
considered to be constant, that in the short-period band the angle-of-
ettack indicgtion of the vane was corrected for alrplane pitching, and
that in the very high frequency band the vene indicetion was used directly
as a measure of gust velocity because the airplane pitching and vertical-
velocity response could be considered to be negligible. Further discus-
sion of the instrumentation and computation techniques which were used
for each band of frequency is now presented.

Long~Period Measurements

Primary instrumentation for the long-period range consisted of a
sun camera, & statoscope, and an sirspeed-altimeter. The sun camere
measured pitch attitude of the airplane and the statoscope measured var-
igtions in pressure altitude which were differentiated to obtaln vertical-
velocity variations of the airplene; both measurements were required for
use in equation (2). The sun camera, of course, ‘has a disadventage in
that it requires clear skies and a flight path toward the sun. However,
the sun camers was used rather than a gyroscopic attitude recorder because
it was not certain that a sufficiently precise gyroscopic instrument wes
readily aveilsble. The sun camera allowed measurement of attitude to

within about 0.15° which corresponds to an error in vertical velocity
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of 3/4 foot per second. In the worst case for the statoscope at a fre-
quency of 0.10 cycle per second, the smallest change in vertical veloclty
which could be detected was about 12 Teet per second. The resultant max-

imm error in gust velocity was therefore about 2 feet per second. Sup-
plementary instrumentation for the long-period band consisted of three
control-position recorders.

In order to provide for an extra-long record, & film speed of
1/8 inch per second was used with a timer with & one-second interval.
The long-period sample was 51 minutes long and corresponded to approxi-
metely 170 alr miles at the mean airspeed of 290 feet per second. The
root-mean-square or standard deviation of the alrspeed was spproximately
8 feet per second, and in the data reduction the alrspeed was considered
t0 be constent. The data were read at Intervaels of 5 seconds. The power
spectrum was computed by digltel methods for the frequency range from
0.005 to 0.1 cycle per second. This frequency range corresponds to the
band of gust wavelengths between aspproximately 60,000 feet and 3,000 feet.
The band width for independent estimates of power was 0.005 cycle per
second.

Short-Period Measurements

Instrumentation for the short-period range included a sensitive nor-
mal accelerometer, angle-of-attack vane, and a pitche-angular-velocity
recorder. Supplementary instruments consisted of & three-component accel-
erometer and roll- and yaw-angular-velocity recorders. The angle-of-attack
vane was mounted 44 inches ahead of the nose of the airplane on a boom
(fig. 1). Indications from the angle-of-attack vane were corrected for
induced velocity at the vane due to rate of pitching. The error in angle
of attack due to upwash at the vane was estimated to be approximately
8 percent and could properly be neglected in the determination of gust
spectra.

The pitch-rate record was also integrated to obtain airplane pitch-
attitude variations in this frequency range. Airplane vertical velocity
was obtained by integrating the normel-acceleration record. The maximum
error in gust velocity was about 5 feet per second at 0.05 cycle per sec-
ond and decreased to l/ll- foot per second at 1 cycle per second. Film
speed was 1/2 inch per second with a 1/2-second timer.

The two 9-minute short-period samples were resd at l/2-second Inter-
vals and the power spectrum of gust vertical velocity was obtained in
the same mammer as for the long-period range. The spectrum was determined
over the range of frequencies 0.05 to 1.0 cycle per second corresponding
to the range of gust wavelengths between 6,000 feet and 300 feet. The
band width for independent estimastes of power was 0.05 cycle per second.
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Very High Frequency Measurements

For measuring gust vertical velocity in the very high frequency
range, a mass-balanced balss angle-of-attack vane was employed. This
vane had e natural frequency of 50 cycles per second and had approximately
60-percent critical demping at the test speed and altitude. This vene
was located on a bhoom approximately 50 inches from the nose of the air-
plane. The angle of atback indicated by the vane was used directly to
compute gust verticel velocity as indicated in equation (4). No correc-
tions for upwash or induced velocity due to pitch rate were included.
Except in the region of boom resonance, the measure of gust velocity
should be within ¥1/h foot per second. It should be noted that at or
near the maximmm frequency included by this investigebtion a possible
exrror of l/ll- foot per second will be more significant then the larger
possible error noted for the lower frequency bands because of the greatly
reduced gust veloclities encountered in the very high frequency range.

In order to provide a high degree of frequency resolution, a f£ilm
speed of L inches per second with a timer with & 1/10-second interval was
used. The two 60-second very high frequency samples were read at
1/60-second intervals and the power spectrum of gust vertical velocity
was obtained in the same manner as in the preceding cases. The spectrum
was determined over the range of frequencies from 0.5 to 30 cycles per
second corresponding to the range of gust wavelengths between 600 feet
end 10 feet. The band width for independent estimates of power was
1.0 cycle per second.

TESTS

Measurements of atmospheric turbulence were made simultaneously for
the three frequency bands during & test run of 170 air miles from the
upper end of the Chesapeake Bay to a point off Norfolk, Va. A jet fighter
sirplene was used for the test vehicle. The approximate track of the
flight and the location of the test samples are shown in figure 2. Data
for the long-period range were recorded for the whole distance. The
sample marked 1 in figure 2 was 51 minutes in length. Nine-minute samples
for the short-period frequency band marked 2 and 5 in the figure were
obtained near the beginning and near the end of the flight. The two
l-minute very high frequency semples marked 3 and It were recorded during
the first short-period sample. The programing of thé samples was designed
to provide an indication of the consistency of the turbulence.

The measurements were made in clear, moderately turbulent air which
was turbulent primarily at low altitude and which was the byproduct of
the northeasterly offshore passage of a storm center. There was a
25-knot northwest wind throughout the test rums. All the samples were
obtained at a pressure altitude of 1,700 feet at a mean airspeed of
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290 feet per second. The test run was started at 12m e. s. t. on
Januvary 20, 1955. The methods used herein were designed so that control-
fixed conditions were not required. It was possible, therefore, for the
pilot to make normal corrections in order to hold speed and altitude
within a specified range.

RESULTS AND DISCUSSION

The results of the measurements of gust vertical velocity are pre-
sented in the form of power spectral densities for the separate frequency
bands in figures 3, 4, and 5 and the corresponding probability distri-
butions are shown in fPigures 6, 7, and 8. . The composite wide-band spec-
trum is presented in figure 9.

Figure 3 shows the gust vertical-~velocity spectrum for the long-
period measurements. A 95-percent confidence band, based on the statis-
tical reliability of a sample as set forth in reference L4 is shown for
an arbitrary smooth fairing of the spectrum. For values of inverse wave-
length less than 0.00001T cycle per foot, the confidence band widens
rapidly. Figure I presents the two short-period spectrs with a 95-percent
confidence band based on an arbitrary, straight-line fairing of mean
values. These two samples which were obtalned gbout 130 miles apart have
epproximetely the same spectral shape and intensity. The very high fre-
quency samples of figure 5 were obtained sbout 20 miles apart and, again,
agree feirly well in shape and intensity. The 95-percent confidence
limits are agein shown for an aerbitrary, straight-line fairing of mean
values. In both the short-period semples of figure 4 and the very high
frequency samples of figure 5, some data were obtained which overlap the
adjacent lower frequency band. The sharp peak in power at 0.024 cycle
per foob (7 cycles per second) shown in figure 5 is the result of reso-
nance of the boom on which the angle-~of-attack vane was mounted and
should be disregarded.

The probability distributions of figures 6, T, and 8 are presented
for comparison with the normal or Gaussisn distribution. For some pur-
poses the spectrum provides sufficient information to describe the effect
of gusts on a particular system. For example, the response spectrum and
standard deviation can be determined. However, meny epplications, such
as compubation of time on target or number of zero crossings, which can
be obtained from spectral informstion depend upon the assumption that
the process has a normal distribution. Each of the probebility distri-
butions were obtained from the gust time history computed for the corre-
sponding frequency band and therefore represent gust velocities which
have been passed through s band-pass filter. The probability distribution
of figures 6, 7, and 8 gppear to be reasonably normal.
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Figure 9 shows the composite spectrum over the whole range of fre-
quencies for which data were obtained. In terms of wavelengths, this
range was from 10 feet to 60,000 feet. The spectra for the two higher
frequency bhands are in each case the average of spectra from two samples.
As a result, the 95-percent confidence Bands are narrower for these two
frequency bands than was the case in figures 4 and 5. The root~mean-
square gust velocity for the whole 51-minute test interval was slightly
greater than 5 feet per second. According to the data of reference 5,
gust intensities of this magnitude should be encountered not more than
20 percent of the time in clear-air turbulence or not more than 6 percent
of the total flight time at low altitude. The intensity difference between
the short-period spectrum and the very high frequency spectrum in the over-
lapping region is largely a result of folding higher frequency power into
the short-period spectrum. This is an effect resulting from the analysis
of sempled date (ref. 4t). The same result haes been obtained from several
subsequent measurements of power spectra for two overlapping frequency
bands. The effect is also present in the overlap between the long- and
short~period spectra but the result is not so pronounced. The root-mean-
square gust intensity was calculated for each of the nine 1 minute
intervals of the first short~period record. The variation from the mean
was no more than t20 percent. The composite spectrum is therefore prob-
ably best represented by a smooth fairing of the date of figure 9.

At the higher frequencies the ‘varistion of power spectral denslity
was at a rate between the -5/3 power predicted by the theory of refer-
ence 6 and the inverse square of the fregquency. This rate of intensity
variation is in substantial agreement with the experimental results of
references 2 and 3. The spectrum tended to flatten out at the lowest
test frequencies or longest wavelengths. The band of wavelengths covered
by the measurements was broad enough to show that the asymptotic break
in the spectrum occurs at a wavelength of about 6,000 feet and thus pro-
vides an indication that the scale of the turbulence as commonly defined
(as in ref. 5, for example) was about 1,000 feet.

It should be noted that the procedure used in this investigation
which involved film records and digital computation methods is much more
laborious than will be the cese when airborne tape recorders become
available for use with existing harmonic analyzers for the data reduction.

CONCLUDING REMARKS

The results of this investigation show that it is practicable to
obtain a power spectrum of gust vertical velocity for a wide range of
frequencies from a set of simultaneocus messurements made in flight. Such
a spectrum was obtained for one meteorological condition for a range of
wavelengths of from 10 feet to 60,000 feet. At the higher frequencies



NACA TN 3702 9

(shorter wavelengths) the rate of variation of intensity was between the
~5/3 power predicted by theory and the inverse square of the frequency.
The spectrum tended to flatten out for the longest test wavelengths. The
spectrum break occurred at a wavelength of about 6,000 feet. It should
be noted that the procedure used in this investigation which involved
film records and digital computation methods is much more laborious than
will be the case when airborne tape recorders become availsble for use
with existing enalog harmonic analyzers for the data reduction.

Langley Aeronautical Iaboratory,
National Advisory Committee for Aeronautics,
Iengley Field, Va., March 12, 1956.
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